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3 /ABSTRACT f

High-temperature electrical conductivity, Seebeck coefficient, and thermal

conductivity measurements were used to investigate the thermoelectric properties

of several refractory oxide systems. Particular emphasis was placed on an

investigation of lanthanum chromite and yttrium chromite as systems for testing

proposed transport models. The substitution of divalent metal ions for La

and Y results in the formation of small polarons as charge carriers.

Experimentally, results show that the most effective divalent substitutes for

La and Y are Sr and Ca, respectively, due to similar ionic size. Both

electrical conductivity and Seebeck coefficient exhibit behavior consistent

with thermally-activated transport by small polaron hopping. The additional

substitution of Mn for Cr or S for 6f decreased both electrical conductivity

and Seebeck coefficient. The thermal conductivity generally decreased with

temperature and dopant concentration. The dimensionless figure of merit for

these oxides approached 0.2 at high temperatures.
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'-' SUMMARY.-

The research effort performed during this contract has emphasized the

study of electronically conducting oxides. A high-temperature transport

property data base has been established and expanded by measurements in several

systems. A theoretical model for thermoelectric properties based on small

polaron transport has been developed. The study of the transport properties

of the ABO3 perovskite, In203-SnO 2, and In203-PrO 2-ZrO2 systems have been

; completed. Low values for the figure of merit were obtained. %..

Some high-temperature materials that exhibit small polaron conduction

have the potential to exhibit high figures of merit. The theoretical model

developed under this program predicts that narrow-band semiconductors with

small polaron hopping along inequivalent sites of distorted sublattices can

~. result in increases in both electrical conductivity and Seebeck coefficient

with temperature without significant increases in thermal conductivity. High

. . , figures of merit, greater than 1.0 at 1000 K, that increase with temperature

are predicted by the model. The model has been applied to the divalent metal-

doped (Y,La)CrO3 systems with the ABO3 perovsklte structure. Transport property

data obtained for different divalent metal dopants at different concentrations

were used to evaluate the model.

To further verify and refine the model, the final experimental transport MMI

studies emphasized the effects of substitutions in the ABO3 perovskite

structure, particularly the distorted lattice developed by substitution on

the B or 0 sites which increases inequivalent sites for hopping of small

polarons. As a result of improvements in the thermal diffusivity apparatus,

the effect of doping on thermal conductivity has been investigated. The

p. .~experimental results for the YCrO3 and LaCrO3 systems show that Ca and Sr are

the most effective divalent substitutes for Y and La, respectively, yielding

the highest small polaron concentrations. Both electrical conductivity and.6.%

. Seebeck coefficient exhibit behavior consistent with thermally-activated 6.4b.

transport by small-polaron hopping. The substitution of Mn for Cr and S for

: 0 decreased both the electrical conductivity and the Seebeck coefficient. %

The thermal conductivity generally decreased with temperature and dopant-%

concentration. The dimensionless figure of merit for these oxides approached

0.2 at high temperatures. J.
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1.0 INTRODUCTION €'-.

The purpose of this final report is to provide a comprehensive summary

of the technical accomplishments during the three year period, from August

15, 1983 to May 15, 1986, covered by this contract. The general objectives

of this research investigation were to: a) develop theoretical models for
electrical, thermal, and thermoelectric behavior of refractory oxide materials,

b) determine electrical transport properties necessary to develop and test

these models, c) determine methods for increasing the figure of merit in

refractory oxide systems by varying composition, defect structure,

microstructure, etc., and d) use these models to establish theoretical and

empirical limits of the figure of merit for these oxides and other refractory

materials.

During the first year of this project, existing data and theoretical

models were extensively reviewed and evaluated. The research emphasized the

4 •initial measurements of high-temperature transport properties in the oxide
' systems based on the In203-SnO 2 , (La,Y)(MgCa,Sr,Ba)Cr03, HfO2-RxOy-In203  and.

La(Sr)MnO 3 . This included the development of a novel technique for rapid, ".

Ihigh-temperature determination of the absolute Seebeck coefficient. Based on

the literature review and evaluation, the theoretical modeling effort
o 

.-.
concentrated on theories for the figure of merit and the transport properties

of both broad-band and narrow-band semiconducting oxides, with particularI emphasis on small polaron transport. These efforts were described in the

1984 annual report (Bates et al. 1984). ".

The research effort during the second year continued to emphasize the

determination of high-temperature transport property data that was initiated

4r, during the first year on several oxide systems. The theoretical modeling

focused on small polaron transport in narrow-band semiconducting oxides and

was applied to the divalent-metal-doped (YLa)CrO3 system with the ABO 3

perovskite structure. These results were described in the 1985 annual report

(Bates et al. 1985).

.' ~ The efforts during the third contract year concentrated on data analysis

and interpretation for the (Y,La)CrO3 system. The effects of Mn substitution
~ for Cr and S substitution for 0 were also investigated in this system.

1IV1

I-,.
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2.0 THEORETICAL STUDIES .A'

2.1 BACKGROUND AND EVOLUTION OF MODEL

The theory for electrical transport in broad-band semiconductors was

fairly well established at the onset of this research effort and was reviewed

in the first annual report (Bates et al. 1984). The theory for narrow-band

semiconductors, on the other hand, was not as well developed at the time;
consequently, since narrow-band semiconductors were of primary interest, the
theoretical studies in this research effort focussed on the transport mechanisms

for this class of materials.

Above room temperature, small polaron hopping is the dominant transport '

mechanism in narrow-band semiconductors. The hopping mobilities are usually
low, 0.1 to 10 cm2 /V-sec, and the carrier densities can be quite large. As a

result, the electrical conductivity of narrow-band semiconductors can be as

high as broad-band materials.

Initial efforts concentrated on literature review and the development of

analytical expressions for the thermoelectric transport properties associated "
with small polarons. During the second year, a fairly detailed theory for

thermoelectric properties of small polaron materials was developed. The
Sresulting model is used to calculate the dimensionless figure of merit. In

addition, the model has been applied to the analysis and interpretation of <

experimental data on the ABO3 perovskites, which exhibit small polaron

conductivity.

In the following sections, the model for small polaron transport is

discussed in detail, and modeling calculations for the dimensionless figure of . '

-" merit, ZT, are presented. , ,'

2.2 MODEL FOR SMALL POLARON TRANSPORT

A small polaron refers to a localized electron state. The electron state "'"."-"

is typically localized over a region on the order of a lattice constant.
Figure 2.1A presents a rather simple picture of such a state. Each ion is

* surrounded by an "electron cloud" except the one located at the center, where

an orbital electron is missing from the center ion. As a result, the outer

electrons of the adjacent ions are attracted toward the center ion, and the

energy level of the empty electron state associated with the center ion is

increased. The raised energy level is shown in Figure 2.1B as an amount EBO

2.1
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Figure 2.1 Schematic Illustration of Small Polaron (A) and Electron Band -

Diagram for Small Polarons at Equivalent Sites (B) or at
Inequivalent Sites (C)
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above the filled energy band. A "hole" is shown residing in this state. If

an electron fills the state, the energy level will be lowered to the top of -

the energy band. The hole (absence of electron) can move through the lattice.

A small polaron is shown hopping between equivalent sites in Figure 2.1B.

This process can, of course, be viewed as a normal orbital electron hopping

from right to left. Figure 2.1C describes small polarons located at

inequivalent sites. As noted in Figures 2M1A and 2.1B, energy is exchanged .

with the lattice during these hopping processes.
, . .I;

% 2.2.1 Electrical Conductivity

The electrical conductivity, a, due to small polaron transport is given

by the expression:

a = nep, (1)

where n is the small polaron concentration and e is the electronic charge.

The mobility, p, is given by j

p=(1-x)(ea 2v/kT) exp (-Ea/kT), (2)

"t where i,-.: ..',

Ea = activation energy,

a = distance between sites, I
v = optical phonon frequency,

x = fraction of available sites occupied by small polarons.

The activation energy, Ea, is the minimum energy that must be supplied to

displace those atoms about the initial and final sites so as to establish a 00

coincident event, that is, to cause the electron energy level at the small .. ,

polaron site and the electron level at the neighboring site to be coincident.

The value of Ea Is estimated to be on the order of EB/2, where EB is the binding

energy of the polaron. For hopping distances on the order of 0.4 nm, the I_ "
__

pre-exponential factor in the expression for p is approximately 1 cm2/V-sec. f- f
, .. ,..

Thus, small polarons exhibit low values of drift mobility.

The electrical conductivity due to small polaron transport can be fairly

large, since the density of carriers can be on the order of the density of
atoms in the system. Let No be the density of atoms at which the small polar ons

2.3..-
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may be located, and let x refer to the fraction of these atoms at which small

polarons actually exist. The small-polaron density is then given by n = xNo .  Of

2.2.2 Seebeck Coefficient

The Seebeck coefficient, S, is the average energy transferred by a carrier A
(Peltier heat) divided by eT. S has two terms; one term is related to the

location of the Fermi level, that is, the density of carriers. The second .

term is dependent on the nature of the polaron hopping mechanism. The Seebeck

coefficient can be written as (Emin and Wood 1983; Wood and Emin 1984)

S = A + BT , (3) -

where A is proportional to the entropy change per charge carrier and B is -

proportional to the average vibrational energy transported with a carrier.

In the modeling efforts of this investigation, the constant A-term is assumed

to be given by the temperature independent expression for S (Chaikin and Beni

1976) derived in past treatments of small polaron hopping and given by

A = (k/e) In [2(1-x)/x]. (4)

The B-term is given by (Emin and Wood 1983; Wood and Emin 1984)

B= (k/e)zJ2k/2EB3  (5)

2 , 3= (k/e)zJ k/2(EBo-J). "*

w. ,

The binding energy, EB, has been estimated to be EBO - J, z is number of nearest..

available sites for hopping, and J is the overlap integral. . .

Work by Emin and Wood (1983) on boron carbides revealed that S varied

linearly with tempereature, and they determined that if hopping occurs between .i

inequivalent sites the B-term in Equation 3 results, which can be very

significant for some thermoelectric materials. If the B-term Is large, the ...*

Seebeck coefficient increases dramatically with temperature. Since the figure

of merit varies as S2 (see below), the material can exhibit a significant !I-

increase in ZT with temperature. -

2.4
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2.2.3 Model Predictions

The electrical conductivity, o, Seebeck coefficient, S, and thermal

conductivity, X, are material properties critical to thermoelectric performance.%
These properties can be used to define a dimensionless figure of merit, ZT,

given by the expression:

ZT = aTS2/X, (6) " ..'

which is a measure of the practical value of potential materials for use in

thermoelectric generators. Efficient thermoelectric materials have values of
ZT on the order of one or greater.

Ure (1972) calculated potential values of the figure of merit for broad-

band semiconductors and concluded that ZT may approach values on the order of
2 or 3. Heikes and Ure (1961) examined the potential value of ZT for narrow-

band semiconductors and concluded that ZT for this class of materials may ,
approach 0.2 or 0.3. However, Heikes and Ure did not consider a temperature

dependent Seebeck coefficient, as given by Equation 3, in their study.
Calculations of ZT for small polaron materials that include the effect of
hopping between Inequivalent sites are presented in this section.

'61 The following parametric values (typical of the AB03 perovskites) were
assumed in these calculations:

X = 1.0 W/m-K

No -1.5 x 10
27 m-3

v = 2 x 1013 Hz

a = 0.5 nm

-,z = 6 "'-"~

EBO = 0.2 eV

Values of the fraction of sites occupied (x), and the overlap integral

(J), were varied to give parametric plots of ZT. The range of these parameters _____

;.:- are:" "

0< x < 1.0

0 < J < 1.0

2.5
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Calculations of possible values of S are given as a function of temperature

in Figure 2.2, while calculated values of the electrical conductivity versus ..

I/T are presented in Figure 2.3. The model calculations predict that both aT r. .

and S should increase for hopping between inequivalent sites (J 0 0). These

calculated values for a and S are combined with the assumed value for thermal

conductivity to determine ZT as a function of T as shown in Figure 2.4.

According to the model calculations, ZT values greater than 1.0 are quite .. P

possible for small polaron materials. Two key effects are required: large

values of x to give an adequate electrical conductivity and a finite value 4

for J, that is, hopping between inequivalent sites.

1000,
EBO =0.2 eV

P,.v o  = 1 0 1 3 H z 2 7 M -800 NO = 7.5 x0 m "
C, % % .,

.0) 600- I,

-0 0.404
400

. EB"O'X 00.205

2 00- 0.205 102 rn

0.40 I.

0
500 1000 1500 2000

Temperature, K-

Figure 2.2 Model Calculations of Seebeck Coefficient as a Function of '. r

Temperature %

2.6
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3.0 TRANSPORT PROPERTY MEASUREMENTS

Accurate transport property data are required for understanding and

developing theories and models for thermoelectric materials. These data must

be generated over a wide temperature range for each material structure and
composition. The methods used and developed in this research effort to measure

the electrical conductivity, Seebeck coefficient, and thermal conductivity
"* are described below.

, 3.1 ELECTRICAL CONDUCTIVITY

The electrical conductivity was determined using the four-contact dc
S'-probe method. Rectangular bars nominally 3.8-cm long and 3-mm square were

positioned in a resistance-heated, A1203 muffle furnace with platinum hardware.

The direct currents and voltages are measured in both directions using a digital

microvoltmeter and a digital microampmeter. The emf is determined at each

~ .' temperature and accounted for in calculating the sample resistance. The
coefficients of determination are generally better than 0.98 at high

temperatures and 0.95 at lower temperatures. Measurements are made both on

heating and cooling from room temperature to 1650 K. The accuracy of the

measurement is to within *10% at the lowest measured conductivities (lowest
scales).

Several modifications to the apparatus were made during the course of

this research effort. The apparatus can now accomodate two specimens for

simultaneous measurements under identical conditions. This allows direct

" comparisons of data for different specimens and increases the efficiency of
" operation (less down time for loading specimens). The apparatus is now also

* computer interactive. p

The model for small polaron transport suggests a linear relationship
"" between log aT and 1/T, however, a linear expression was fit to both the log

.T and log a data to cover all classes of materials. The fitted expressions

were used to calculate ZT.

3.2 SEEBECK COEFFICIENT

A novel apparatus was developed during this research effort to determine %

the absolute Seebeck coefficient at high temperatures by applying a temperature

gradient along the length of a specimen (rectangular or cylindrical bar) and - .-.-

.. measuring the potential difference and temperature difference at different

3.1
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points along the length of the specimen. The measured potential differences : ...
are corrected for the potential difference generated along each plantinum

probe, and the absolute Seebeck coefficient determined from a least squares p

analysis of the six AV versus AT data points. This multiprobe technique is

similar to that described by others (Trestman-Matts et al. 1983), but the

apparatus developed and used in this research effort has an improved vertical

test geometry that minimizes radial temperature gradients and provides optimum

control of the temperature gradient for greatest accuracy..

The apparatus and computer-controlled data acquisition system have been ,

used to determine the absolute Seebeck coefficient of several pure metals and- '

alloys. The results were within *5KV/K of published values for Pd metal and or

served to calibrate the system. This technique and apparatus is described

more fully in a paper that has been submitted for publication (see Appendix A).

3.3 THERMAL CONDUCTIVITY C -

The thermal conductivity was calculated from the product of the thermal i-"

diffusivity, specific heat, and density. The thermal diffusivity was measured

using the flash technique in which one surface of a disc specimen is heated

with a short pulse from a ruby laser and the temperature change with time on

the back surface is measured with an infrared detector. The thermal diffusivity

is determined from the shape of the temperature transient curve. The thermal

diffusivity apparatus was interfaced with a computer during this research '  V
effort, which allows data storage and graphic display of the results during

measurements. -

The specific heat used for the calculation was obtained from: 1) reported

literature values; 2) calculated values using the Neumann-Kopp relationship

where the Cp of a mixed component is equal to the sum of the product of the

individual compound constituents, and/or 3) measured heat capacities up to

1175 K using a differential scanning calorimeter (DSC) with higher temperature

values calculated from an extrapolation of the DSC data, using the Neumann-Kopp

expression for the same or like compounds. This value was verified using -

Debye's expression for C at high temperatures. "

The density was measured at room temperature, po, and corrected for .

temperature using measured thermal expansion values

p = po(1 + 3AL/L) -1  (7)

3.2
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The precision and accuracy of the thermal conductivity, ), data are within P %,-%

*5% and represent the largest error in calculating the figure of merit. A 4

linear relationship between 1/X and T was fit to the data and used in the

calculations of the figure of merit.
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4.0 EXPERIMENTAL RESULTS AND DISCUSSION

The electrical conductivity, Seebeck coefficient, and thermal conductivity

were determined for a series of materials that included the ABO3 perovskite

materials, the In203-SnO 2 system (a) and the ZrO2-PrO 2-In203 
system.(a)

In the case of small polaron materials, such as the ABO3 perovskites,

linear expressions suggested by the model were generally fitted to the data

in order to test the model, interpret the data in terms of the model, and

calculate the dimensionless figure of merit. For the other materials, other

linear expressions or polynomial expressions were used to fit the data and

calculate ZT.
•.'. J'.l

-. 4.1 MB3 .ER.V-KITE

The research effort focussed on YCrO3 and LaCrO3 as model systems to

study and to test the model. The chromite samples were prepared by H. U.

Anderson at the University of Missouri, Rolla, by pressing and sintering powders

prepared by the liquid-mix method (Pechini 1967). The sintering was carried

out at oxygen partial pressures of 10-  to 10"11 Pa. All the chromite samples

i. reported here were subsequently heat treated in air at 1773K for 48h, followed

by an additional 48h in air at 1823K. This heat treatment was necessary to

fully oxidize the samples, since they were fabricated under reducing conditions.

The only exception to the above preparation conditions was for the two

oxysulfide preparations. These were prepared by reacting appropriate quantities

of La202S and Cr203 (and in one sample SrO) powders in evacuated quartz ampules

at 1073-1123K for 4 weeks. The reacted powder for each sample was formed ,..,

into a bar at 48 MPa and then isostatically pressed at 145 MPa. The bars

were sintered in flowing Argon at 1673K for 24h. No further heat treatments

of these oxysulfide sample3 were carried out.

4.1.1 Substitutions For Y and La

An extensive investigation of the divalent-metal-doped Yl-xMxCrO3 system

(M = Mg,Ca,Sr,Ba) was carried out as part of this research effort. The premise

of this investigation was that the substitution of divalent-metal-ions for Y

(a) The fabrication, transport property, and crystallographic studies for
these oxides were conducted in part under a U.S. Department of Energy contract
by Battelle, Pacific Northwest Laboratories. The data are included because
of their significance.
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would result In narrow-band conductivity by the charge compensating transition

of Cr3+ to Cr4+ and the formation of small polarons as charge carriers. (In

principle, charge compensation can also take place by the formation of oxygen '

vacancies.) Since most previous transport studies of this nature on the rare

earth chromites have focussed on the (La,Sr)CrO3 system (Karim and Aldred -

1979; Webb et al. 1977; Meadowcroft 1969), an additional study of the

LalxSrxCrO3 system was carried out for comparative purposes and for use as a .' .
data base for studying the effects of substitutions for Cr and 0 described in
Sections 4.1.2 and 4.1.3, respectively. .

Preliminary results from the investigation of the Yj_xMxCr03 system have

been published (Weber et al. 1986). Based on those results, additional

measurements have focussed on the Yj.xCaxCr03 system. These results and the

results for the Lal-xSrxCrO3 system are summarized and discussed below.

4.1.1.1 Electrical Conductivity ,

According to the model for small polaron transport (Section 2.2.1), the .. *

electrical conductivity, a, can be expressed as: ';

a= (C/T) exp (-E/kT) (8) -

where C Is a material dependent constant and E is the activation energy for S"-

small polaron hopping. The experimentally measured values of a for the

YlxMxCr03 system have been previously shown to be in good agreement with the

form of Equation 7 (Weber et al. 1986; Bates et al. 1985). This is further ., .$

illustrated by the more recent results for the YjxCaxCr03 and LalxSrxCrO3  ",... .

systems shown in Figure 4.1 and 4.2, respectively. In the case of the -

Lal-xSrxCrO3 system, some previously reported results of Karim and Aldred

(1979) are included in Figure 4.2 for comparison. The values of C and E '

determined from a least squares fit of Equation 8 to all the data are given -"

in Tables 4.1 and 4.2. The activation energies measured for small polaron . .,

transport range from 0.18 to 0.26 eV for the YlxMxCr03 system. Slightly lower

values were measured for the Lal.xSrxCrO3 system in good agreement with values -

reported by Karim and Aldred (1979). The values of C generally increase with .

dopant concentration, but in the case of the doped YCrO3 compounds, the values ",.'

of C are sensitive to the dopant species (ionic radii), as illustrated in Figure P4

4.3. The largest values of a and C occur for Ca as the dopant and is attributed

4 . e-, ..
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A %

3+ 2. -

to the similar ionic radii of Y and Ca2+ (0.093 and 0.099 nm, respectively), -,

as reported previously (Weber et al. 1986; Bates et al. 1985). -

IABLE 4.1. Electrical Conductivity and Seebeck Coefficient
Parameters for the Yl-xMxCrO3 System

4 2Compound- _ C.104Klohm-cm EIY ALVK B&pYLL-

YCrO3  0.00 0.479 0.200 447 0.0319 .

YixBaxCr03  0.01 0.376 0.238 356 0.0394
0.02 0.371 0.256 460 0.0426
0.05 0.481 0.251 461 0.0489

Y _SrxCrO3  0.02 0.831 0.205 323 0.0427
0.05 1.080 0.180 283 0.0474
0.075 1.462 0.187 281 0.0459
0.10 1.597 0.182 262 0.0498
0.15 1.648 0.193 279 0.0319 -

Y1_xCaxCr03  0.05 4.027 0.202 204 0.0561
0.125 7.998 0.201 134 0.0449 . .. y
0.15 8.857 0.195 110 0.0530

Yl xMgxCrO3  0.02 0.819 0.234 370 0.0700 * ._,
0.10 1.443 0.225 300 0.0569
0.15 2.640 0.256 276 0.0241

TABLE 4.2. Electrical Conductivity and Seebeck Coefficient
Parameters for the Lal.xSrxCr03 System

4 2
1 C104K/ohm-cm 0:2 A,1VK g-/

0.05 2.286 0.123 255 0.034
0.10 5.188 0.125 195 0. 037 ', ,,' '
0.15 7.430 0.120 157 0.036 :

According to the model, the value of C is given by the expression:

(1-x)e 2 a2 NY/k (9)

where x is the fraction of available sites occupied by small polarons and N

is the density of possible sites (Cr sites) (the other parameters were defined .; *.: ;.

in Section 2.2.1). A basic premise of this investigation in the beginning

was that x - x (the fraction of dopant) and that C would be a constant for " .

4.4
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each value of x. The calculated value of C, assuming x x, is shown in

Figure 4.3, assuming appropriate values for a (Goodenough 1967), N (JCPDS -_

Card No. 25-1078), and v (Karim and Aldred 1979). It is clear from the results

in Figure 4.3 that only in the case of Ca does the measured value of C agree

* ~., with the calculated value and x = x. The results also indicate that for

YCrO3 (x = 0) there is some intrinsic defect or impurity giving rise to some

ku conductivity. It is possible to estimate x from Equation 9 and the values

of C in Table 4.1, using the assumed values for a, N, and v. These results

are shown in Figure 4.4 and suggest that the non-Ca dopants are not very

effective in increasing the charge carrier concentration above the intrinsic ,

level. This may be due to the trapping of small polarons near impurity or

dopant sites or may indicate that charge compensation and the increased lattice P:J.

distortion is accommodated by the formation of oxygen vacancies.

The experimentally-determined values of C for Y1_xCaxCr03 and Lal_xSrxCrO3
are in reasonable agreement with each other and with the values reported for

Laj_xSrxCr03 by Karim and Aldred (1979). All these data follow the expression

for C given by Equation 9, assuming x = x and the values for a, N, and v.

* ~. cited above, as shown in Figure 4.5. The values of C for the (La,Sr)CrO3
system determined by this research effort are slightly less than those of L.

Karim and Aldred, but the effects of different porosities and impurities have

not been taken into account. The results do show that the values of C

determined by Equation 9 with the indicated values for a, N, and v should

give a good approximation of a for these materials using Equation 8 and

appropriate values of E from Tables 4.1 and 4.2 or some other source.
4.1.1.2 Seebeck Coefficient

According to the model developed in Section 2.2.2, the Seebeck coefficient,

S, should exhibit a linear temperature dependence given by Equation 3. It

has been previously shown that the Yl-xMxCr03 system does show a slight linear

s increase with temperature (Weber et al. 1986; Bates et al. 1985). (The values

of A and B in Equation 3 for these materials are summarized in Table 4.1.)

It was further shown that the Seebeck coefficient data also indicates that
the small polaron concentration is maximized (Seebeck coefficient minimized).ii
with Ca as the dopant, in agreement with the electrical conductivity results.

The Seebeck coefficient data for the Y1,xCaxCr03 system are shown in Figure

4.6. The values for A and B determined by a least-squares fit of Equation 3

to the data are also summarized in Table 4.1.
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It was previously reported (Weber et al. 1986) that the values of A "

determined for the Yj_xMxCr03 system do not exhibit any consistent dependence .x

on the fraction dopant x. The data do, however, exhibit a consistent dependence ; tvl

on the fraction polarons, x', determined from the electrical conductivity data

(Figure 4.4). This dependence is shown in Figure 4.7 and supports the . -#

conclusions from the electrical conductivity data that the concentration of

mobile polarons is not significantly increased by doping with non-Ca ions. -.

Also shown in Figure 4.7 are two possible expressions for A based on temperature

independent expressions for the Seebeck coefficient (Heikes 1961; Chaikin and - . '"

Beni 1976). As can be seen, the experimentally determined values of A for "

this system follow the general trend predicted by the theoretical expressions .

for A but are shifted to slightly lower values. This difference will be -.

examined more closely below.

The Seebeck coefficient data for the Lal-xSrxCrO3 system are shown in Figure

4.8. The results also clearly show a slightly linear temperature dependence,
in agreement with the proposed model, and values of A and B determined from : .
the data are given in Table 4.2. The values of A for Yj_xCaxCr03 and

Lai-xSrxCrO3 from Tables 4.1 and 4.2 are shown in Figure 4.9 and indicate

similar behavior but shifted with respect to each other. The average value

of B for each system is also indicated, as is the curve for A (Eq. 4) based

on the temperature independent (consequently, B = 0) expression for the Seebeck

coefficient (Chaikin and Beni 1976). The results in Figure 4.9 suggest that

as B increases (more temperature dependence), then the values for A decrease.

Since the temperature independent expression for the Seebeck coefficient, % %

used to estimate A in Figure 4.9 and Equation 4, was derived in a high- %

temperature limit, it would be more appropriate to compare the maximum (high- - "

temperature) measured values of the Seebeck coefficient with the theoretical _

expression of Chaikin and Beni (1976). As shown in Figure 4.10, the maximum .

values for S in all the rare-earth chromite data obtained in this effort and

by others (Karim and Aldred 1979; Webb et al. 1977) are In excellent agreement

with the Chalkin and Beni expression for the temperature independent Seebeck t_9

coefficient (derived in a high-temperature limit). The results in Figure 4.9

and 4.10 suggest that A decreases with increasing B (temperature dependence) "

and that the maximum (high-temperature) value of S In the rare-earth chromites

can be approximated by the Chalkin and Beni expression; however, Equation 4

is not a suitable estimate of A if S exhibits a linear temperature dependence.
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4.1.1.3 Thermal Conductivity d

The thermal conductivity, X, was experimentally determined for only a fewI ~compounds. In the Yj...MxCrO3 system, measurements for Sr and Ca doped compounds''

indicated that X decreased with temperature and dopant concentration. The

lowest values of X~ (higher figure of merit) were for Ca as the dopant. The

thermal conductivities for the more important Y,_x.CaxCrO3 and Lal-x.SrXO3
compounds that were measured are given in Figure 4.11. An expression of the

.f farm

1/X /XO BIT(10)

. was fit to the data. The values of 1/X0 and BI determined from a least-squares

analysis of all the available data are given in Table 4.3.1

Y1 Ca. Cr0 3  La 1 Sr. Cr0 3 *A

*1E

* 2

o500 700 900 1100 1300 1500

Temperature, K

Figure 4.11 Thermal Conductivity as a Function of Temperature
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TABLE 4.3. Thermal Conductivity Parameters.. p%4 ...r

YO9SrO.05Crt IL0.4K283xL0
YO. 9 5 Sro.o 5 CrO 3  0.234 2.83 x 10-4

0.40 2. x

Yo.875Cao.125CrO3  0.422 2.12 x 10-4

YO85 Cao. 15CrO 3  0.169 8.58 x -4

Lao. 9oSrO. 1OCrO 3  0.487 3.44 x 10-4

Lao.85S0 o.15CrO3  0.450 3.24 x 10-4*. p. -

4.1.2 Substitution for Cr ,

The purpose of this effort was to introduce inequivalent sites for small

polaron hopping in both the (Y,Ca)CrO3 and (La,Sr)CrO3 systems. The premise , -.

was that the introduction of such inequivalent sites would dramatically increase ,. .

the temperature dependence, B term In Equation 3, of the Seebeck coefficient,

yielding higher values of the Seebeck coefficient and dimensionless figure of

merit. This investigation focussed on the Y0.9 Cao.1 Crj-yMny03 and 6

Lao.9 Sro.1 Crl_yMnyO3 systems. The Ca and Sr substitutions for Y and La,

respectively, were intended to introduce the population of small polarons on
the Cr sites as discussed above. The substitution of Mn for Cr was intended

to introduce inequivalent Mn3+ sites for Cr3+ sites. '.

4.1.2.1 Electrical Conductivity

The results of electrical conductivity measurements are shown in Figures -.

4.12 and 4.13 for Yo.gCao.iCrlyMnyO3 and Lao.gSro.iCr_yMnyO3, respectively.

In the case of the Yo.gCaO.1 Cr1 _yMny03 system, the y = 0.0 specimen broke- ,

before the measurements could be carried out; consequently, the data for

YO.875Cao. 125CrO3 and the calculated behavior for y = 0.0 (based on results

presented In Section 4.1.1.1) are shown in Figure 4.12 for comparison. For

both systems, the results are similar, indicating a decrease in o due to Mn ''
(except for y = 1.0), and In agreement with the linear behavior predicted by N

the model for small polaron transport. The values for C and E determined by

a least squares fit of Equation 8 to the data are given in Table 4.4 and shown

4.12
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in Figure 4.14. The results indicate a significant (order of magnitude) step ' '-

increase in C and an initial increase in E followed by a decrease at high Mn

concentrations. The results indicate that at higher temperatures (>1400K) or
Mn concentrations approaching y = 1.0, increased conductivities can be expected

as a result of Mn substitution for Cr.

TABLE 4.4 Electrical Conductivity Parameters for the
Yo.gCao.,Crl-yMny0 3 and Lao. 9 Sro.jCrj-yMny03 Systems

Compound Y C.104K/ohm-cm

YO9 Cao.1 Crl-yMny0 3  0.0 7 0 (a) 0 .20 (b)
0.1 63.3 0.50
0.2 47.5 0.50
0.3 63.2 0.54

Lao. 9 Sro.iCr 1 _yMny0 3  0.0 5.2 0.12 A
0.1 39.2 0.47
0.2 119.7 0.61
0.3 39.4 0.48 #.
1.0 41.7 0.10

(a) Determined from Figure 4.3.
(b) Based on results in Table 4.1.
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4.1.2.2 Seebeck Coefficient

The results of Seebeck coefficient measurements for these two systems are

shown in Figures 4.15 and 4.16. In the case of the Yo.gCao. 1Crl_yMnyO3 system,

the y = 0.0 behavior is calculated based on the parameters determined in Section

4.1.1.2. (The data points for y - 0.0 in Figure 4.16 are not shown to avoid

too much overlap but are given in Figure 4.8.) Clearly, the addition of Mn

to both systems dramatically changes the temperature dependence to a nonlinear

behavior. The 10% substitution of Mn for Cr in both systems causes an increase

in S that decreases with temperature. As the Mn concentration is increased
further, the Seebeck coefficient decreases and becomes negative (n-type) as y

approaches 1.0.

4.1.3 Substitution for Oxygen

The purpose of this effort was two fold. First, the substitution of sulfur

for oxygen was also expected to introduce inequivalent sites for small polaron

hopping and increase both the Seebeck coefficient and dimensionless figure of

merit. Second, rare-earth sulfides have reportedly smaller values of thermal

conductivity (Taher and Gruber 1981) and consequently it was hoped that the

substitution of S for 0 would also lower the thermal conductivity and, as a

result, increase the dimensionless figure of merit.

Two oxysulfide compounds, LaCrO2.5S0.5 and La0 9. Sro 1CrO2.5S0.5, were .. .

prepared. Both of these compounds retained the ABO 3 perovskite structure at

room temperature. The 10% substitution of Sr for La in the second compound
~~~was intended to introduce small polarons and to allow comparison to the : -

corresponding oxide results presented in Section 4.1.1. Due to insufficient

funding, only electrical conductivity and Seebeck coefficient measurements

were carried out. The equally important measurements of thermal conductivity

a could not be made within the final funding and time frame.

The electrical conductivity results are shown in Figure 4.17. The

substitution of S for 0 apparently causes a significant decrease in the

electrical conductivity. The observed behavior suggests a temperature dependent

charge carrier density.

The Seebeck coefficient results are shown in Figure 4.18. The LaCr02. 5So. 5

compound has a negative Seebeck coefficient, indicating n-type conductivity.

The substitution of Sr for La in this oxysulfide changes the conductivity

back to p-type, but the magnitude is less than the corresponding oxide as

4.15 a.'.
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shown. The magnitude of the Seebeck coefficient for both oxysulfide compounds a'

increases with temperature. -

Although the above results are not encouraging, post-test characterization -

of the oxysulfide compounds revealed that extensive second phase formation

occurred during the high-temperature sintering, which is probably responsible '

for adversely affecting the thermoelectric properties. Considerably more

work on oxysulfide preparation, especially low temperature sintering, is

required to pursue this area further. " ,.

4.1.4 Predictions for ZT

The dimensionless figure of merit, ZT, given by Equation 6 can be calculated

using Equations 3, 8, and 10 and the coefficients determined by fitting the

expressions to the data. The results are shown in Figure 4.19 for (Y,Ca)CrO3
and (La,Sr)Cr03, which exhibit the highest values of ZT determined from all

the perovskites.

Although the thermal conductivity was not measured for the Mn- and S-doped

compounds, it is expected not to change significantly; consequently, the values

of ZT for these materials will be low due to the significant decrease in

electrical conductivity. The results do suggest that at very high temperatures -

(>1600K) these materials could exhibit high values of ZT due to the higher

electrical conductivities at those temperatures (assuming, of course, that S

and X do not change).

If X is not strongly dependent on the fraction of dopant, x, as suggested

by the (La,Sr)CrO3 data, then the x-dependence of ZT is governed by the aS2 .

dependence. In this approximation, ZT is proportional to the term .,
2x(1-x)(ln[2(1-x)/x]) and is maximized for x-0.1233. Since ZT is a slowly

varying function of x near the maximum (assuming X independent of x), the

results shown in Figure 4.19 for Lal~xSrxCrO3 (x = 0.10 and 0.15) may represent .'

the highest values that can be expected for the chromite-type perovskites.

4.2 .

The study of the transport properties of the In203-SnO 2 system was of

interest due to the high electrical conductivity exhibited (>1000/ohm-cm) for
compositions with high In203 content. The In2O3-SnO 2 samples were prepared

by pressing and sintering coprecipitated powders. The detailed results of .

this study have been summarized in a recently published paper (Bates et al.
1986). Some highlights of that work are presented below.-

. 4.18
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The electrical conductivity of the In203-SnO 2 system increased with In203
concentration and reached a maximum at about 80 mol% In203, as illustrated in -

Figure 4.20. The Seebeck coefficient was negative for all compositions and ",

its magnitude increased with temperature, as shown In Figure 4.21. The . "

calculated dimensionless figure of merit increased with In203 concentration y .

and reached a maximum of 0.2 for 70 mol% In203 at 1200k, as shown in Figure

4.22. The value of ZT decreased significantly at 80 mol% In203 due to an

order of magnitude increase In thermal conductivity, which is attributed to
the electronic component. These materials behave as degenerate semiconductors; ,

consequently, the transport models presented in section 2.0 are not applicable "

to the results.

4.3 In2Q3-PrO2-ZrQ2 SYSTEM 
;

The electrical conductivities and Seebeck coefficients in this system are

very sensitive to structure and composition, as illustrated in Figures 4.23
and 4.24. A number of phases are present in this system, the most important .

being the body-centered-cubic (bcc) In203 phase that is primarily responsible :
for the high electrical conductivities and low negative Seebeck coefficient.

In the absence of this phase, the system is primarily composed of Zr2Pr2O7  .

(pyrochlore structure) and PrInO3 (orthorhombic structure) and exhibits low

electrical conductivity with high positive Seebeck coefficients, indicating

ionic conduction similar to cubic ZrO2. The value of ZT was less than 0.01

for these lonically conducting compositions. Similar behavior has been observed

in the isomorphic structure, In203-PrO2-HfO2.. ,

Compositions containing the bcc In203 phase had the highest electrical

conductivities with negative Seebeck coefficients between -80 and -120 pV/K. ,, .

The dimensionless figure of merit, ZT, increased as the electrical conductivity

increased. A maximum value for ZT of 0.18 was calculated for 75 mol% In2O3 - K: ;
.* ',4,

25 mol% ZrO2 at 1300k, as shown in Figure 4.25. All these compositions behave

as degenerate semiconductors. ,' .
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5.0 CONCLUSIONS AND RECOMMENDATIONS

In the (Y,La)CrO3 model systems, the substitution of Ca and Sr for Y and
La, respectively, results in the formation of small polarons as charge carriers.

* The additional substitution of Mn for Cr results in a second charge carrier

associated with the Mn. The electrical conductivity in all cases is consistent

with thermally-activated transport of a temperature independent carrier

.: concentration.
J )Although the electrical conductivity is adequately described by existing

models, more effort is needed to model and understand the Seebeck coefficient

of materials which exhibit small polaron conductivity. A linear temperature

dependence of the form S = A+BT for the Seebeck coefficient of small polaron
conductors was confirmed; however, expressions for the coefficient A need to
be developed, since the original expression assumed (Eq. 4) is inadequate

except for the temperature independent case (B = 0.0).

All of the oxides investigated (ABO3 perovskites, In203-SnO 2 system, and
In2O3-PrO2-ZrO2 system) have dimensionless figures of merit about an order of

magnitude lower than that required (1.0) for efficient thermoelectric materials. '
However, this should not preclude the consideration of oxides for thermoelectric".

J~
applications. There is still insufficient understanding of transport properties

to predict if an empirical limit has been approached. The highly conducting

manganates would be an interesting system for study. These could potentially

U have dimensionless figures of merit exceeding 1.0 if the Seebeck coefficient

could be increased. A complete study of the (La,Sr)(Cr,Mn)O3 system would

help resolve these issues. Although preliminary work on the oxysulfide system , 4.

was not encouraging, more work is required to produce consistent homogeneous

products, to adjust the stoichiometry, and to understand the transport behavior.

-.
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